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Background : The emergence of hyperon degrees of freedom in neutron star matter has been associated to first order phase transitions
in some phenomenological models, but conclusions on the possible physical existence of an instability in the strangeness sector are
strongly model dependent.
Purpose : The purpose of the present study is to assess whether strangeness instabilities are related to specific values of the largely uncon-
strained hyperon interactions, and to study the effect of the strange meson couplings on phenomenological properties of neutron stars
and supernova matter, once these latter are fixed to fulfill the constraints imposed by hypernuclear data.
Method : We consider a phenomenological RMF model sufficiently simple to allow a complete exploration of the parameter space.
Results We show that no instability at supersaturation density exists for the RMF model, as long as the parameter space is constrained by
basic physical requirements. This is at variance with a non-relativistic functional, with a functional behavior fitted through ab-initio
calculations. Once the study is extended to include the full octet, we show that the parameter space allows reasonable radii for canonical
neutron stars as well as massive stars above two-solar mass, together with an important strangeness content of the order of 30%, slightly
decreasing with increasing entropy, even in the absence of a strangeness driven phase transition.
Conclusions We conclude that the hyperon content of neutron stars and supernova matter cannot be established with present constraints, and
is essentially governed by the unconstrained coupling to the strange isoscalar meson.
PACS numbers: 05.70.Ce, 21.65.Cd, 95.30.Tg
I. INTRODUCTION
Understanding the physics underlying the QCD phase dia-
gram remains a challenge. While at low chemical potentials
lattice QCD has provided many answers [1], at high densities,
effective models [2–4] have been the source of most accom-
plishments. In order to rule out unreasonable propositions, ex-
perimental (at low densities) and observational (at high den-
sities) constraints have been used as in [5–10]. Two of the
most reliable constraints at high densities are the two-solar
masses neutron stars (NS) detected in this decade, PSR J1614-
2230 [11] and PSR J0348+0432 [12]. Before them, effective
models which provided maximum stellar masses larger than
1.44 M⊙ were acceptable [13–15], but this is no longer the re-
ality and many revisions in the theory underlying neutron star
physics have been performed lately.
The hyperon puzzle has then started to play a central role
in the understanding of neutron star composition: while hy-
perons are energetically favoured, they soften the equation of
state (EOS) and the existence of massive NS requires stiff
EOSs. This implies that the hyperon-nucleon and nucleon-
nucleon interactions must be strongly repulsive at high hyper-
onic densities. Meanwhile, many hypernuclei have been syn-
thesised and recent analyses of double-Λ hypernuclei suggests
an attraction, though small, in the in the Λ−Λ channel [16].
To fulfill these different requirements, it has become evident
that one has to go beyond simple SU(6) symmetry arguments
to fix hyperon couplings, and more elaborate models have to
be considered[17–28].
In the framework of relativistic mean field models (RMF),
this is achieved by the inclusion of strange scalar and vec-
tor mesons [29, 30] mediating the nuclear force alongside the
usual scalar-isoscalar σ or f0(550), vector-isoscalar ω(782)
and vector-isovector ρ(770) mesons. In the case of the inclu-
sion of the strange mesons, the scalar one normally labelled
σ∗ or f0(980) and the vector labelled φ(1020), coupling con-
stants between them and the baryons are also necessary and
they are usually fixed with a certain degree of arbitrariness.
We discuss this point in greater detail when the formalism is
introduced in the next section, but at this point it is necessary
to emphasise that fixing them in a less hand-waving way as
possible would be desirable.
In a recent paper [31] the possible existence of a liquid-gas
phase transition was investigated with the help of RMF mod-
els in a neutron-Λ and neutron-proton-Λ (np-Λ) matter, whose
meson-baryon coupling constants were allowed to vary in a
broad space, but restricted to satisfy empirical constraints on
the nucleon-Λ (UNΛ ) and Λ−Λ (UΛΛ ) potentials derived from
hypernuclear experimental data.
The first one was fixed to be −28 MeV at nuclear satura-
tion density and the second one was fixed as −0.67 MeV at
one fifth of the nuclear saturation density (n0/5), a reasonable
proposition [32–35] inspired by experimental results [16, 36–
38]. As a consequence, only two couplings could be taken as
2free parameters. Then, the instabilities in the systems were in-
vestigated according to these restrictions and spinodal curves
were observed, showing a clear liquid-gas phase transition at
low densities, which was confirmed by the instability analysis
of an ab-initio calculation [39, 40] where no free parameters
can be tuned.
At supersaturation densities, the investigation of a possible
transition from a strange-poor to a strange-rich matter is also
of great importance in the studies of compact star constituents.
In particular, it was shown in [41–43] that non-relativistic
Skyrme functionals can produce one-body potentials compat-
ible with hyper-nuclear data, fulfil the 2M⊙ neutron star con-
straint, and still present a complex phase diagram with first
and second order phase transitions. These instabilities persist
at finite temperature, with important potential consequences
on the supernova collapse dynamics and the neutrino trans-
port. The existence of a strangeness driven phase transition is
however clearly model dependent. Another recent work shed
some light on the role played by the hyperon-meson coupling
constants (including strange mesons) in stellar macroscopic
properties and the relation between results that are consistent
with observational values and the hyperon-hyperon potentials
[28]. In this work, four different RMF parameterisations were
used and it was concluded that high mass neutron stars and
not too large radii are possible to obtain from an EOS contain-
ing a substantial amount of hyperons, but the results depend
a lot on the not yet known hyperon-hyperon channels. The
onset order of hyperons were also shown to once again de-
pend drastically on the parameterisation and hyperon-meson
coupling choices. In this work no such instability is present,
unless unrealistically high values for the attractive couplings
are imposed [28]. This suggests that the observed instabilities
might be a pathology of Skyrme functionals.
In the present work, we extend the analysis of ref.[28] to
a systematic study of the parameter space, searching for pos-
sible instabilities that could give rise to a strangeness driven
phase transition. Towards this search, the χσΛ and χσ∗Λ are
left as free parameters. The other two couplings, χωΛ and χφΛ
are constrained by the potentials mentioned above, in the same
way as in [31].
Once a large region of couplings is spanned, we revisit stel-
lar matter in β -equilibrium and electrically neutral at zero and
finite temperature and recalculate protoneutron and neutron
stars macroscopic quantities from equations of state (EOS)
that include strange mesons and where the couplings between
hyperons and mesons are chosen as mentioned above. We
then confront stellar matter properties results obtained from
the phenomenological potentials and compare with results
previously published in the literature.
Concerning the instability issue, the result is that the whole
RMF n−Λ unconstrained parameter space is thermodynam-
ically stable. This leads to the strong conclusion that, within
the RMF formalism, the only possibility to have a strangeness
phase transition is at the quark level. Unfortunately, the fi-
nal word about (in)stability of hyperonic matter cannot be
said, because a very different result is obtained from the
instability analysis of the ab-initio auxiliary field diffusion
Monte Carlo (AFDMC) model, within the three-body cou-
plings which were recently shown to be able to correctly fulfill
the 2M⊙ neutron star constraint.
The paper is organised as follows: In Section II we present
the main equations used in this paper, in Section III the re-
sults for (in)stable high density matter within RMF and an
ab-initio models are shown and discussed and then the impli-
cations of these results in stellar matter are considered. In the
last section, we draw the main conclusions and make the final
remarks.
II. FORMALISM
We next present the EOS and the parameterisation used in
the present work. We start from the Lagrangian density that
includes hadronic and leptonic matter and reads:
L = ∑
j
ψ j
[
γµ
(
i∂µ − gω jωµ − gφ jφµ −gρ j~τ ·~ρµ
)−m∗j]ψ j
+
1
2
(
∂µσ∂ µ σ −m2σ σ2
)− 13 bMN (gσNσ)3− 14 c(gσNσ)4
−14Ωµν Ω
µν +
1
2m
2
ω ωµω
µ − 14 ΦµνΦ
µν +
1
2m
2φ φ µ φµ
+
1
2
(
∂µσ∗∂ µσ∗−m2σ σ∗2
)− 1
4
~Rµν · ~Rµν + 12m
2
ρ~ρµ · ~ρ µ
+∑
l
ψ l
(
iγµ ∂ µ −ml
)
ψl , (2.1)
where m∗j =m j−gσ j σ−gσ∗ j σ∗ is the baryon effective mass,
m j is the bare mass of the baryon j and ml is the mass
of the lepton l. The terms Ωµν = ∂µων − ∂νωµ , Φµν =
∂µφν −∂νφµ and ~Rµν = ∂µ~ρν −∂ν~ρµ −gρ j
(
~ρµ × ~ρν
)
are the
strength tensors, where the up arrow in the last term denotes
the isospin vectorial space. The coupling constants are gi j =
χi jgiN , with the mesons denoted by index i = σ ,ω ,ρ ,σ∗,φ
and the baryons denoted by j. Note that χi j is a proportional-
ity factor between gi j and the nucleon coupling constants giN ,
with N = n, p. The couplings b and c are the weights of the
nonlinear scalar terms. The sum over j can be extended over
all baryons of the octet
(
n , p ,Λ ,Σ− ,Σ0 ,Σ+ ,Ξ− ,Ξ0
)
and
the sum over l includes the lightest leptons (e−,e+,µ−,µ+).
Neutrinos are not treated in the present work.
We can then describe matter within the framework of
Relativistic Mean Field (RMF) theory [2–4, 44]. Apply-
ing the Euler-Lagrange equations to the Lagrangian den-
sity (2.1) and using the mean-field approximation [4], (σ →
〈σ〉= σ0 ; ωµ → 〈ωµ〉= δµ0 ω0 ; ~ρµ → 〈~ρµ〉= δµ0 δ i3ρ30 ≡
δµ0 δ i3ρ03 ; σ∗ → 〈σ∗〉 = σ∗0 ; φµ → 〈φµ〉 = δµ0 φ0), we ob-
tain the following well known equations of motion for the me-
son fields:
(gσNσ0) = ∆σ
(
∑
j
χσ jρ sj − bMn (gσNσ0)2− c(gσNσ0)3
)
,
(gωNω0) = ∆ω ∑
j
χω jn j,
3(
gρNρ0
)
= ∆ρ ∑
j
τ3 jχρ jn j,
(gσNσ∗0 ) = ∆σσ∗ ∑
j
χσ∗ jρ sj ,
(gωNφ0) = ∆ωφ ∑
j
χφ jn j, (2.2)
where the following factors are defined: ∆σ =
(
gσN
mσ
)2
, ∆ω =(
gωN
mω
)2
, ∆ρ =
(
gρN
mρ
)2
, ∆σσ∗ =
(
gσN
mσ∗
)2
, ∆ωφ =
(
gωN
mφ
)2
. The
scalar and baryon densities are given respectively by
ρ sj =
γ
(2pi)3
∫ m∗j√
p2 +m∗2j
[ f j++ f j−]d3 p (2.3)
and
n j =
γ
(2pi)3
∫
[ f j+− f j−]d3 p, nB = ∑
j
n j (2.4)
where f j± is the Fermi distribution function, with the posi-
tive sign standing for particles and the negative sign to anti-
particles:
f j± = 1
1+ exp
[(
E∗j ∓ µ∗j
)
/T
] , (2.5)
with E∗j =
√
p2 +m∗2j and the chemical potential µ∗j is
µ∗j = µ j − χσ j (gωNω0)− τ3 jχρ j
(
gρNρ0
)− χω j (gφNφ0) .
(2.6)
The energy density and pressure of the baryons are given
respectively by
εB =
γ
(2pi)3 ∑j
∫ √
p2 +m∗2j [ f j++ f j−]d3 p (2.7)
and
pB =
γ
(2pi)3 ∑j
∫ p2√
p2 +m∗2j
[ f j++ f j−]d3 p, (2.8)
and for the leptons the expressions can be read from the ones
above once the proper substitutions are made for the masses
(ml instead of m∗j ) and chemical potentials (µl instead of µ∗j ).
For the mesons we have:
εM =
(gσNσ0)2
2∆σ
+
(gωNω0)2
2∆ω
+
(
gρNρ0
)2
2∆ρ
+
(gσNσ∗0 )
2
2∆σσ∗
+
(gωNφ0)2
2∆ωφ
+
1
3bMn (gσNσ0)
3 +
1
4
c(gσNσ0)4 , (2.9)
and
pM = − (gσNσ0)
2
2∆σ
+
(gωNω0)2
2∆ω
+
(
gρNρ0
)2
2∆ρ
− (gσNσ
∗
0 )
2
2∆σσ∗
+
(gωNφ0)2
2∆ωφ
−13bMn (gσNσ0)
3− 1
4
c(gσNσ0)4 . (2.10)
Finally the expressions for the EOS including interacting
baryons and non-interacting leptons read:
ε = εB + εM + εl , p = pB + pM + pl
and the conditions of charge neutrality
µp = µn−µe = µΣ+ ,µΣ− = µΞ− = µn+µe,µn = µΛ = µΣ0 = µΞ0 ,
(2.11)
and β -equilibrium
∑
j
q jn j +∑
l
qlnl = 0 (2.12)
are incorporated.
The expressions for zero temperature systems can be obtained
from the above equations by substituting the particle Fermi
distribution functions by a step function in Fermi momentum.
The antiparticles are then neglected.
Now we go back to the discussion of how to choose the
baryon-meson coupling constants. The coupling constants of
the nucleons with mesons σ , ω and ρ are fixed in such a way
that the bulk properties of nuclear matter are obtained and in
the present work we have opted to use the parametrisation
known as GM1 [45]. The hyperon couplings have been cho-
sen in different ways in the literature, either based on simple
symmetry considerations [23–25, 30, 45–47], or requiring an
EOS in β -equilibrium sufficiently stiff to justify the observa-
tion of very massive neutron stars [32, 48]. In the case of the
inclusion of the strange mesons, σ∗ and φ , the same degree
of arbitrariness is found, i.e., their couplings with the hyper-
ons have generally obeyed SU(6) symmetry based on quark
counting [29, 30]. A choice of couplings based on a mix-
ture of arguments [49] and on SU(3) symmetry [19, 20, 24]
has also been done. If massive stars are to be obtained, the
SU(6) symmetry has to be partially broken and, in this case,
strange mesons can couple with the nucleons, influencing nu-
clear bulk properties and forcing a reparameterisation [24]. In
the present work we avoid the discussion based on group the-
ory and focus our choice on the phenomenological informa-
tion that can be extracted on the UΛΛ potential for the meson-Λ
couplings. When the other hyperons are included, we make
different choices for their couplings and we discuss this point
when the results are presented. We then choose the hyperon-
meson (strange and non-strange) coupling constants as in [31].
In analogy with what has been done with the χσΛ when con-
strained by the empirical information on the hyper-nuclear po-
tential UNΛ [32, 33] that can be extracted from hyper-nuclear
data, we have constrained the strange meson couplings to the
binding energy data of double Λ hypernuclei available in the
4literature [16, 36]. Considering the general form of the Λ-
potential UΛ in the RMF models:
UΛ (nN ,nΛ) = χωΛ (gωNω0)+ χφΛ (gωNφ0)
−χσΛ (gσNσ0)− χσ∗Λ (gσNσ∗0 ) ,(2.13)
the above mentioned phenomenological information can be
written as [33–35]:
UNΛ (n0) ≡ UΛ (nN = n0,nΛ = 0)≈−28 MeV (2.14)
UΛΛ
(n0
5
)
≡ UΛ
(
nN = 0,nΛ =
n0
5
)
≈−0.67 MeV.(2.15)
This leads to the following conditions on the strange cou-
plings:
χωΛ =
χσΛ σ |nN=n0 +UNΛ (n0)
ω |nN=n0
. (2.16)
χφΛ =
(
mφ
mω
)
×
√√√√UΛΛ (nΛ0)+αχσΛ Σ|nΛ=nΛ0 − χωΛ ω |nΛ=nΛ0
χωΛ ω |nΛ=nΛ0
χωΛ.
(2.17)
where we have defined nΛ0 = n0/5, α = 1+
(
χσ∗Λ
χσΛ
)2(
mσ
mσ∗
)2
,
and
Σ = σ −
(
gσN
mσ
)2(α − 1
α
)(−bmnσ2− cσ3) . (2.18)
It is worth mentioning that the values for the potentials in
Eqs.(2.14),(2.15) are actually indirectly extracted from the ex-
perimentally measured total binding and single particle en-
ergies. The quoted potentials are extracted from theoretical
calculations of hypernuclei adjusted such as to reproduce the
experimental data. Notice also that the value BΛΛ = −0.67
MeV [16] for the measured bond energy leads to a potential
with low attractiveness, contrary to another choice commonly
used in the literature that foresees this potential as −5 MeV
also at n0/5 [50]. According to a recent review [37], the un-
ambiguous observation of 6ΛΛHe [38] changed the previously
accepted value of BΛΛ to the values we are using in the present
paper. Nevertheless, we have checked that our results do not
qualitatively change if a modification of ±5 MeV is applied
to the assumed Λ-potential constraints.
The χσΛ and χσ∗Λ are left to be free parameters in the
model, which we can vary such as to explore the possible ap-
pearance of instabilities.
To investigate the existence of instabilities, we rely on the
curvature matrix and related spinodal section. A first or-
der phase transition is signaled by an instability or concavity
anomaly in the mean-field thermodynamic total energy den-
sity. The total energy density of a three-component system is
a three variable function of the densities. If the scalar function
ε is smooth, or at least twice continuously differentiable, we
can introduce the curvature matrix C associated to ε at a point
denoted by P ∈ (nB× nS× nL):
Ci j =
(∂ 2ε (ni,n j)
∂ni∂n j
)
, (2.19)
where i, j = B,S,L, standing for baryon, strange and lepton
contributions.
Since the curvature C is real and symmetric, its normalised
eigenvectors uk are orthogonal and define a basis in the ob-
servable density space. The associated eigenvalues λk repre-
sent the energy curvature associated to a density variation in
the direction of uk. Let us note λ< the minimum eigenvalue at
a given point (nB,nS,nL), and u< = (δn<B ,δn<S ,δn<L ) the as-
sociated eigenvector. If λ< < 0, then any density fluctuation
becomes spontaneously amplified in the direction of the un-
stable eigenvalue u<, that is the system spontaneously devel-
ops an inhomogeneity between two regions characterised by
the particle composition (nB±δn<B ,nS±δn<S ,nL±δn<L ). The
inhomogeneity then amplifies in time according to the mech-
anism of spinodal decomposition [51], until two stable points
with all positive eigenvalues (a dense and a diluted phase)
are reached. At zero temperature the dilute phase typically
corresponds to the vanishing of one or more partial densities
[52] and the instability direction can be approximately iden-
tified by the direction of phase separation [51]. As a conse-
quence, at any density point inside the spinodal, the density
and composition of the two coexisting phases issued from the
phase transition can be approximately inferred from the inter-
section of the unstable eigenvector direction and the spinodal
contour, defined by the condition λ< = 0. If the spinodal re-
gion is unbound at high density, the instability cannot be cured
by phase separation. In that case the system violates the ba-
sic convexity principle of thermodynamics, and the instability
has to be considered as a pathology. For a better understand-
ing of the physics underlying strange matter and a comparison
with the results obtained at low densities [31], we next restrict
our study to a simple model containing only neutrons and Λ
hyperons. In this simplified case, the curvature matrix is re-
duced to a 2x2 matrix which can be equivalently expressed in
the good quantum number plane nB,nS or in the rotated frame
corresponding to the particle densities nn,nΛ.
In the next Section, we investigate the possible existence of
instabilities at high densities and compare our results with the
ab-initio AFDMC model. Then, we analyse stellar matter re-
stricted to the above mentioned choice of coupling constants.
III. RESULTS AND DISCUSSION
We first discuss a hypothetical matter, where the only al-
lowed hyperon is the Λ. Indeed, the other hyperon poten-
tials, UΣΣ (n0)) and UΞΞ (n0) cannot be obtained from experi-
ments with a reasonable degree of certainty and their inclu-
sion adds arbitrariness to the results. Hence, we study nΛ and
npΛ matter first at zero temperature to understand the main
consequences of our choices for the coupling constants and
only afterwards we incorporate the other hyperons and finite
5temperature effects through different snapshots of the stellar
evolution.
Next, the particle fraction is defined as
Yp = np/∑
j
n j, p = j, l.
A. nΛ and npΛ matter
1. Instability analysis and phase diagram
We start by showing the relations between the couplings
in Figure 1, where χσΛ and χσ∗Λ are left to be free param-
eters in the model, which we have largely varied such as to
explore the possible appearance of instabilities. The left part
of Fig.1 shows the relation between χσΛ and χωΛ when we
consider Eq.(2.16). Similarly, the right part of Fig.1 shows the
relation between χσ∗Λ and χφΛ when we consider Eq.(2.17).
As already observed in [31], the linear dependence obtained
means that in the framework of the NLWM a strong attraction
at low densities is always correlated to a strong repulsion at
high densities. It is interesting to remark that the same is true
in non-relativistic models [41–43].
The residual parameter space is shown in the central part
of Fig.1. The χσΛ range can be further limited requiring that
convergent solutions are obtained in hyperonic stellar matter
(with all the baryon octet (H), electrons, muons and ρ me-
son included) in β equilibrium. For this calculation, the ρ
meson coupling is fixed at χρH = 1.5 for H = Σ,Ξ, so that
we guarantee that Λ’s are the first hyperons to appear and the
(unconstrained) couplings to Σ do not play a major role. The
gray points in Fig.1 are related to divergent solutions, where
the Λ effective mass goes to zero at some finite density. The
red points yield possible solutions and, in some cases, the
maximum masses can reach two solar masses with a finite YΛ
[24, 53].
To obtain some preliminar stellar macroscopic properties,
the EOS with the constrained couplings are used as input to
the Tolman-Oppenheimer-Volkoff (TOV) [54] equations. The
high density behaviour of the different models in terms of
maximum mass is summarised in Table I, where ε0 stands
for the central energy density and Mmaxfor the maximum star
mass. We can see that all couplings χσΛ ≥ 0.7 lead to realistic
values of the maximum mass, and a non-negligible hyperon
content is present if χσΛ < 1. It is very interesting to ob-
serve that if the scalar coupling is sufficiently strong χσΛ ≥ 1,
hyperons can be completely neglected whatever the coupling
assumed to the strange mesons.
The equilibrium trajectories for which µn = µΛ are dis-
played in Figure 2 with different values of the coupling con-
stants. One can clearly see that the onset of Λs is determined
by the χσΛ because the larger its value, the larger the repul-
sion felt by the Λs and consequently, the latter in density is
their onset. This result is due to the linear correlation between
χσΛ and χωΛ observed in Figure 1, which is a consequence
of the constraints imposed in equations (2.15). On the other
hand, the χσ∗Λ influences the amount of Λ hyperons in the
system without modifying their onset.
The curvature matrix Eq.(2.19) was diagonalised in the in-
terval n0 ≤ nn ≤ 1 fm−3, 0≤ nΛ ≤ 1 fm−3 for all the different
points in the parameter space noted as red points in Fig.1. No
negative eigenvalue was found. This means that, even adding
the strange mesons, if the physical constraints are applied, the
system is always stable. We can conclude that the possible
presence of instability is not a side effect of strongly attractive
hyperonic interactions in the dense medium.
In Figure 3 we plot the spinodals on the same plane as the
equilibrium trajectories for different values of the coupling
constants and one can see that they never cross. This fact
was already expected because there are no instability regions
at high densities and the onset of Λ particles happens around
twice nuclear saturation density.
2. Comparison to the AFDMC model
In recent years, ab-initio models based on different quan-
tum Monte Carlo simulation techniques [39, 40, 55–58] have
been applied to (hyper)-nuclear matter. In the pure neutron
sector, such models provide an essential constraint to phe-
nomenological mean field models, which starts to be rou-
tinely applied in order to fix some of the unknown couplings.
Some calculations including Λ-hyperons are also available.
In particular, a recent AFDMC calculation has been used to
compute hyper-nuclear observables [40] and allows producing
very massive neutron stars in agreement with the observations
[39], though with the inclusion of a very stiff three-body term
with leads to a negligible strangeness fraction. This model
is based on a phenomenological bare interaction inspired by
the Argonne-Urbana forces [59], with the addition of a purely
phenomenological three-body force.
In a recent paper [31], we have shown that instabilities exist
within this model at sub-saturation density, corresponding to
the nuclear liquid-gas phase transition. The similarity of the
obtained phase diagram with the one of the RMF was inter-
preted as an indication of reliability of our phenomenological
model. It is therefore interesting to see if the same agreement
is observed concerning the phase diagram at high density. The
energy density of a neutron-Λ mixture was fitted in [39] by the
following simple functional form:
εAFDMC (nn,nΛ) =
[
a
(
nn
n0
)α
+ b
(
nn
n0
)β]
nn
+
1
2mΛ
3
5 nΛ
(
3pi2nΛ
)2/3
+(mnnn +mΛnΛ)
+c
′
1nΛnn + c
′
2nΛn
2
n. (3.1)
In this expression, the first term represents the energy den-
sity of pure neutron matter, where n0 is saturation point of
symmetric nuclear matter, and the parameters a, α , b and
β are given in [39]. The second term highlights the kinetic
energy density of pure Λ-matter, and the last two terms, ob-
tained from the fitting of the Monte Carlo results for different
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FIG. 1: (Color online) Left panel: relation between χσΛ and χωΛ in the RMF under the constraint UΛN =−28 MeV. Central panel: parameter
space for the Λ effective mass. Gray points indicate the employed parameter grid; red points indicate the parameter sets leading to a positive
Λ effective mass in neutron star matter. Right panel: parameter space for the strange meson couplings. The meaning of the color code is as in
the central panel.
χσΛ χωΛ χσ∗Λ χφΛ YΛ ε0 (fm−4) Mmax/M⊙
0.50 0.52 0.50 0.61 0.63 5.23 1.69
0.50 0.52 1.50 1.37 0.63 5.23 1.69
0.50 0.52 3.50 3.07 0.64 5.23 1.68
0.70 0.78 0.50 0.65 0.52 5.80 2.08
0.70 0.78 1.00 0.99 0.55 5.92 2.08
0.70 0.78 3.50 3.08 0.54 5.82 2.08
1.00 1.17 0.50 0.67 0.03 5.85 2.35
1.00 1.17 1.50 1.40 0.03 5.81 2.36
1.00 1.17 3.50 3.08 0.03 5.79 2.35
1.30 1.56 0.50 0.62 0.00 5.83 2.36
1.30 1.56 1.50 1.37 0.00 5.83 2.36
1.30 1.56 3.50 3.07 0.00 5.83 2.36
TABLE I: Chosen parameter sets for the Λ coupling constants and corresponding central Λ fraction YΛ and central energy density ε0 for a
neutron star at its maximum mass. In our calculations we keep χρ = 1.5 fixed.
YΛ = nΛ/nB fractions, provide an analytical parametrisation
for the difference between Monte Carlo energies of pure Λ
and pure neutron matter. Notice that Λ-Λ interactions are ne-
glected in [39], which explains why pure Λ matter (nn = 0) be-
haves as a Fermi gas of noninteracting particles. This means
that the extrapolations to high Λ densities have to be consid-
ered with a critical eye. Still this choice corresponds, in the
RMF language, to χσ∗Λ = χφΛ = 0, which is part of our pa-
rameter space. Moreover, a part of the Λ-Λ interaction might
be effectively included in the three-body term.
The numerical values of the constants c′1 and c
′
2 are given in
[39]. Using Eq.(3.1), the chemical potentials become:
µn (nn) = a(α + 1)
(
nn
n0
)α
+ b(β + 1)
(
nn
n0
)β
+mn + c
′
1nΛ + 2c
′
2nΛnn, (3.2)
and
µΛ (nΛ) =
1
2mΛ
(
3pi2nΛ
)2/3
+mΛ + c
′
1nn + c
′
2n
2
n. (3.3)
In Ref.[39] three different sets of parameters are given, cor-
responding to a calculation with only two-body forces consid-
ered (hereby called ΛN), and two extra sets with the addition
of three body forces that yield two different parameterisations,
noted as ΛNN (I) and ΛNN (II). Only the choice ΛNN (II)
leads to neutron star masses fulfiling the 2M⊙ constraint. The
stability study of the functional Eq.(3.1) is presented in Fig.4.
It is important to observe that Eq.(3.1) can be plotted for any
arbitrary value of nn and nΛ, but it has been adjusted to ac-
tual AFDMC calculations only in the domain YΛ ≤ 0.27 and
nB ≤ 0.56 fm−3. Outside this domain, the functional has to
be considered as an extrapolation. We can see that a region
of instability is always present in some region of the density
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FIG. 2: (Color online) Equilibrium trajectories µn = µΛ for different
values of the coupling constants.
space. This is at variance with the RMF results just presented
and qualitatively similar to the case of the non-relativistic phe-
nomenological BG model [60] studied in [28, 41–43].
In the absence of three-body forces (left part) the instability
concerns the whole low neutron density region 0 < nn < 0.3
fm−3. As we can see from the direction of the unstable eigen-
vectors also given in the figure, this instability favours the
emergence of a dense hyperon-rich phase. This instability
zone is also present in the region covered by the microscopic
calculations. This means that it cannot be attributed to the ex-
trapolation given by the functional dependence assumed for
the energy density, and could in principle correspond to a
physical phase transition. Still, this effect disappears when
including three-body forces. We can therefore conclude that
it is most probably an unphysical instability which underlines
the importance of three-body forces (and/or hyperon-hyperon
interactions) when studying dense matter. It is important to
remark that the strangeness-equilibrium trajectory defined by
the chemical potential equality µn = µΛ is not affected by this
instability. This means that, even if we were facing a spurious
instability, no effect is to be expected in predictions for neu-
tron star matter and the functional can be safely used for neu-
tron star applications. With the inclusion of three-body forces,
the instability region is pushed towards very high densities.
Within model I (central part of Fig.4), these densities lie out
of the domain covered by the microscopic calculations. This
means that the instability might be linked to the extrapolation
of Eq.(3.1) out of the domain where it was established. Again,
the instability domain is far from the strangeness equilibrium
condition, implying that no consequence is to be expected for
applications in neutron star matter. A more surprising result
is obtained within model II (right part of Fig.4), which corre-
sponds to the stiffest equation of state for neutron star matter
[39]. For this model, the instability region extends to a rela-
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FIG. 3: (Color online) Spinodals on the density plane alongside the
equilibrium trajectories for two values of the coupling constants.
tively low density region where in principle the model should
be safely applicable. Interesting enough, the instability is met
at density nB ≥ 0.51 fm−3 by matter fulfilling the strangeness
equilibrium condition µn = µΛ, condition which is certainly
realized in the catalyzed matter forming a neutron star. The
peculiar decreasing behaviour of the µn = µΛ equilibrium line
can be better understood by inspection of Fig.5,which displays
the binding energy behaviour as a function of the Λ fraction
(left part) and the baryonic density (right part). We can see
that at densities above nB = 0.51 fm−3 two different solu-
tions fulfil the strangeness equilibrium requirement, and the
lower energy solution corresponds to the higher strangeness
fraction. This is at the origin of the discontinuous behaviour
shown in Fig. 4.
To conclude, the convexity study of the functional Eq.(3.1)
shows that a large region of strangeness driven instability ex-
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FIG. 4: (Color online) Phase diagram of the AFDMC functional with two-body interactions only (left panel), and with two different models
I (central panel) and II (right panel) for the three-body force. The coloured area corresponds to the spinodal region. The arrows indicate the
direction of the eigenvectors. The strangeness equilibrium condition µn = µΛ is also given, as well as the maximum densities explored in the
Monte-Carlo calculation.
ists in the n-Λ system. We cannot a-priori exclude that it
might correspond to a physical phase transition, which could
not be seen in the RMF model because of the limitations of
the phenomenological approach. However a word of caution
is in order. First, no Λ-Λ interaction is considered in [39],
which should probably play an important role at these high
densities. Second, the three-body force is purely phenomeno-
logical and was adjusted only on hyper-nuclear data, mean-
ing that it might be unrealistic at high density. The fact that
the instable zone is not upper bound in density indeed sig-
nals some pathology in the high density extrapolation. Finally,
the functional Eq.(3.1) was adjusted only to a limited number
of microscopic calculations. It would be important to know
if the Monte-Carlo calculations could be equally well repro-
duced by a functional form that does not present any convexity
anomaly. It would also be very interesting to see if this behav-
ior is present also in other ab-initio approaches. A complete
study of the phase diagram for the BHF functional of ref.[61]
is in progress.
3. Results for npΛ stellar matter
We are in a position to include protons and leptons and anal-
yse neutron star matter (charge neutral npΛ in chemical equi-
librium). Once more, after the EOS is obtained, it is used as
input to the Tolman-Oppenheimer-Volkoff (TOV) [54] equa-
tions so that the stellar macroscopic properties are computed.
A reflex of the previous discussion is the particle population,
which we display in Figures 6 and 7. While the onset of Λ
is determined by the χσΛ, the amount of Λ hyperons varies
according to the strength the χσ∗Λ. In Figure 7 the strange
mesons are turned off so that their role can be better seen.
As already discussed, strangeness can exist in hadronic mat-
ter only if the value of χσΛ is smaller than 1 (see Table I)
because for larger values, either the effective mass of the Λs
becomes negative or they simply do not appear due to a very
repulsive potential.
In Table II we fix two values of the χσΛ, both smaller than
1 for the reasons discussed above and vary χσ∗Λ. We then
calculate the corresponding maximum mass, radius, central
energy density, central baryonic density, central fraction of Λ
particles and the density related to the onset of Λs. As already
observed from Fig.1 and from the results obtained in [31], be-
cause of the positive correlation between the scalar and the
vector couplings imposed by the constraints, the increase of
the χσΛ (χσ∗Λ) makes the potential UNΛ (UΛΛ ) deeper at low
densities (due to the scalar meson attraction) but also steeper
at high densities (due to the correlated vector meson repul-
sion). For this reason, higher values of the scalar couplings
lead to stiffer EOS, resulting in more massive stars, with a
smaller content of Λ hyperons. In all cases seen in Table II,
the central density is larger than the density where Λ particles
appear and, even with the presence of these particles, very
massive stars can be attained. Another point worth mention-
ing is that the smaller the value of the χσΛ, the larger the vari-
ation of the maximum stellar mass due to different values of
χσ∗Λ.
B. Eight lightest baryons included
To start our considerations, we go back to the literature and
choose different possible ways to fix the meson-hyperon cou-
pling constants when the 8 lightest baryons are taken into ac-
count. The simplest possibility [13] is to employ for all hy-
perons the same couplings established for the Λ, χσH = χσΛ,
χσ∗H = χσ∗Λ, χωH = χωΛ, χφH = χφΛ. This hypothesis satis-
fies the inequalities gσN ≤ 12 (3gσΛ+gσΣ)≤ 2gσN imposed by
the SU(3) symmetry [23], and has the advantage of avoiding
the introduction of other unconstrained coupling constants.
Much stronger hypothesis, where χσH = χωH , also without
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FIG. 5: (Color online) Binding energy per baryon as a function of
the (a) Λ fraction and (b) of the baryonic density within the AFDMC
functional and model II for the three body force. The dotted green
lines indicate the unstable branch. The gray line on the bottom panel
corresponds to a calculation of pure neutron matter.
formal justifications, can be found in the literature [62, 63],
with different purposes. Nevertheless, other more realistic
possibilities are presented in Table III: in set A, the vector
meson coupling constants are fixed according to SU(6) sym-
metry, but no strange mesons are included; in set B, SU(6)
is used also for the strange mesons, i.e., 2χφΛ = 2χφΣ =
χφΞ = 2
√
2/3 and in set C, we have increased the values of
the χσ∗H as 2χφΛ = 2χφΣ = χφΞ = 4
√
2/3 because we are
aware (from the analyses done in [31] ) that the increase of
this coupling constant makes the potential more repulsive, re-
sulting in a stiffer EOS. To obtain the other hyperon potentials
from the UΛΛ , we have assumed that UΣΣ (n0) = UΛΛ (n0/2) and
UΞΞ (n0) = UΛΛ (n0/2), as proposed a long time ago based on
simple strange quark counting arguments [64] and still used
nowadays [28]. It is important to observe that these parame-
ter sets respect the constraints discussed in Section II in the
Λ sector, see Fig.1 above. Using these 3 sets to compute the
EOS, the associated stellar properties are displayed in Table
IV, where YH stands for the fraction of all hyperons. Only set
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C results in a star with mass close to 2 M⊙ and the radii are
always a bit large, if we assume that the recent analysis that
predict radii in the range 10.1− 11.1 Km [10] and 12.1± 1.1
Km [9] for 1.4 M⊙ stars are to be taken as reliable. Notice that
1.4 M⊙ stars always have radii larger than the Mmax stars.
We now return to our choice of coupling constants and try
to identify the individual roles played by the ρ and the strange
mesons. The effect of the χρH parameter in the particle pop-
ulation can only be singled out within the simplifying hy-
pothesis of equal couplings of the different hyperons with the
mesons, i.e, χσΛ = χσΣ = χσΞ = χσH . In Figure 8 χσH and
χσ∗H are fixed and χρH is fixed as 0.5 and 1.0, for H = Σ,Ξ.
It is visually clear that the constituents can change quite dras-
tically. In this case, the onset of Λs is at a lower density than
the onset of Σ− only for χρH around 1.5 or larger (within the
GM1 parameterisation, used in the present work), as already
10
χσΛ = 0.2
χσ∗Λ Mmax (M⊙) R (km) εc (fm−4) nc(fm−3) Y cΛ nΛonset(fm−3)
0.5 − − − − − −
1.0 1.44 9.50 11.02 1.73 0.63 0.29
3.5 2.13 10.97 6.96 1.04 0.16 0.29
4.0 2.17 11.14 6.71 1.01 0.13 0.29
χσΛ = 0.8
χσ∗Λ Mmax (M⊙) R (km) εc (fm−4) nc(fm−3) Y cΛ nΛonset(fm−3)
0.5 2.28 11.91 5.72 0.88 0.25 0.39
1.0 2.29 11.87 5.76 0.88 0.21 0.39
3.5 2.33 11.85 5.77 0.88 0.06 0.39
4.0 2.34 11.87 5.75 0.87 0.05 0.39
TABLE II: Stellar properties obtained from
(
n , p ,Λ ,e− ,µ−
)
mat-
ter with different values of the coupling constants. The symbol −
means that the maximum stellar mass is smaller than 1.44 M⊙ and
the results are disregarded.
Set Parameters
- χσΛ χωΛ χσ∗Λ χφΛ χρΛ
A 0.61 2/3 − − 0.0
B 0.61 2/3 0.06 1×√2/3 0.0
C 0.61 2/3 0.94 2×√2/3 0.0
- χσΣ χωΣ χσ∗Σ χφΣ χρΣ
A 0.40 2/3 − − 1.0
B 0.40 2/3 0.860 1×√2/3 1.0
C 0.40 2/3 1.280 2×√2/3 1.0
- χσΞ χωΞ χσ∗Ξ χφΞ χρΞ
A 0.32 1/3 − − 2.0
B 0.32 1/3 1.050 1×2√2/3 2.0
C 0.32 1/3 2.150 2×2√2/3 2.0
TABLE III: Coupling constants
Set Mmax (M⊙) R (km) εc (fm−4) nc(fm−3) YΛ YH nΛonset(fm−3)
A 1.89 12.78 4.58 0.78 0.33 0.57 0.34
B 1.91 12.58 4.87 0.82 0.04 0.37 0.34
C 1.98 11.32 6.67 1.04 0.11 0.39 0.34
TABLE IV: Stellar properties with 8 baryons and zero temperature
discussed.
Having in mind that a larger χρH makes the EOS stiffer, we
fix it at 1.0 and perform the same analyses done for npΛ mat-
ter, i.e., we choose two values for χσH and, for each of them,
vary χσ∗H . The results are shown in Table V. One can see
that the same pattern found before with Λs only repeats itself
when the whole octet is allowed to appear: the onset of hyper-
ons is determined by the χσH because the larger its value, the
larger the repulsion felt by them and consequently, the latter
in density is their onset, resulting in stiffer EOS. The χσ∗H de-
termines the amount of hyperons in the system. Massive stars
can be obtained with a fair amount of strangeness and radii
in the interval foreseen in [9] can also be found. This quali-
tative result is in agreement with the findings of [28], though
the hypernuclear constraint UΛΛ ≈ −0.67 MeV was not con-
sidered in that paper, considerably increasing the dimension
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of the parameter space in that work.
In the stellar evolution, three snapshots of the time evolu-
tion of a star in its first minutes of life are usually considered
and they are simulated though different entropies per particle:
• s/nB = 1, Yl = 0.4,
• s/nB = 2, µνl = 0,
• s/nB = 0, µνl = 0,
where the entropy per particle (baryon) can be calculated
through the thermodynamical expression
S
A
=
s
nB
=
ε + p−∑ j µ jn j−∑l µlnl
T nB
. (3.4)
At first, the star is relatively warm (represented by fixed en-
tropy per particle) and has a large number of trapped neu-
trinos (represented by fixed lepton fraction). As the trapped
11
χσH = 0.2
χσ∗H Mmax (M⊙) R (km) εc (fm−4) nc(fm−3) Y cΛ Y cH nΛonset(fm−3)
0.5 − − − − − − −
1.0 − − − − − − −
3.5 2.09 10.73 7.35 1.09 0.02 0.18 0.30
4.0 2.14 10.93 7.00 1.05 0.01 0.15 0.30
NLWM - χσH = 0.8
χσ∗H Mmax (M⊙) R (km) εc (fm−4) nc(fm−3) Y cΛ Y cH nΛonset(fm−3)
0.5 2.24 11.83 5.84 0.90 0.14 0.33 0.42
1.0 2.25 11.78 5.90 0.90 0.11 0.26 0.42
3.5 2.32 11.78 5.86 0.89 0.00 0.08 0.42
4.0 2.32 11.80 5.84 0.88 0.00 0.06 0.42
TABLE V: Stellar properties with 8 baryons and zero temperature
for χρH = 1.0 for H = Σ,Ξ and different values of the other coupling
constants. The symbol − means that the maximum stellar mass is
smaller than 1.44 M⊙ and the results are disregarded.
neutrinos diffuse, they heat up the star [65]. Finally, the star
is completely deleptonised and can be considered cold. In
the present analysis, we disregard the neutrinos because, al-
though they are very important in studies involving transport
equations and star cooling processes, they play a minor role in
the determination of the maximum stellar mass, its radius and
other stellar properties, our main concern here. The results ob-
tained for a fixed value of χσH and different choices of χσ∗H
are displayed in Table VI, where we also show the value of
the star central temperature (Tc). Again χρH = 1 for H = Σ,Ξ.
The onset of Λs take place at very low densities, although with
very small fractions at first. This can be easily understood be-
cause temperature helps the appearance of heavier particles.
As an obvious result, we can see that the star central density
increases with the entropy, but the values are not too high. No-
tice that the inclusion of the strange mesons makes the EOS
stiffer, as already pointed out in many other works both at zero
[19, 20, 24] and finite temperature or with fixed entropies [49]
and this fact does not depend on the value of the coupling con-
stants, which only control how stiffer the EOS becomes. As
far as the radii are concerned, we can see that they decrease
with the inclusion of the lightest 8 baryons in comparison with
matter containing Λs only (compare Tables II and V). Massive
stars can be obtained with a reasonable amount of hyperons
(up to YH = 0.33).
IV. FINAL REMARKS
We have shown that after a large region of possible coupling
constants was spanned, no instabilities were found, indicating
that no strange phase transition is expected to appear inside
neutron stars at least in the framework of the RMF model.
This strong conclusion could be found thanks to the restric-
tion of the parameter space due to the constraints extracted
from hypernuclear data. This is in contrast with what was
found with non-relativistic models and also in [28], where
a spinodal instability was obtained at the onset of hyperons,
but only as far as very high coupling constants, not compati-
ble with present constraints from hypernuclear physics, were
used. This fact reinforces the idea that a phase transition
at high density stellar matter would require the presence of
quarks. Hence, hybrid stars containing a quark core should
not be discarded.
Moreover, we saw that hyperons can coexist with nucleons
giving rise to massive stars bearing a radii of the order of 10-
12 Km, compatible with 1.4 M⊙ stars with radii approximately
10% larger, values which agree with a recent calculation [9].
When the full octet is allowed to exist, the radius tend to de-
crease. Massive stars can be obtained with a large amount
of hyperons as far as strange mesons are included in the for-
malism, result that helps us to shed some light to the hyperon
puzzle. It is never too much to say again that all these results
are parameter and model dependent, what reinforces the need
of further contraints at high densities.
As a final remark, we claim that it would be interesting to
confront the values of the coupling constants allowed by the
analyses of phenomenological potentials with the values ob-
tained from the assumption of an SU(3) symmetry done in
[24] when the scalar mesons are included, a work already in
progress.
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